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Abstract 
In agrosystems, the increase in non-crop plant diversity by habitat management in or around 1 
arable fields contributes to improved Conservation Biological Control. During winter, plant 2 
flower are often used as monospecific ground cover and are expected to die before flowering 3 
as a result of recurrent frost events. Decreases in minimal temperature due to climate change 4 
offers new possibilities for plants used in such sown cover crops to mature and flowers. 5 
Changes in plant phenology thus constitute an important environmental change with expected 6 
consequences for ecosystem functioning, such as biological control. In Brittany, where winter 7 
agricultural landscape is dominated by a mosaic of cereal and sown cover crops, we assessed 8 
the consequences of mustard (Synapis alba) flowering cover crops (MFCC) on aphid 9 
parasitism and food web structure in plots adjoining cereal crops, in contrast to plots close to 10 
spontaneous non-crop plants (SNCP) of the same field. Overall, aphid parasitism rate at the 11 
field scale was strong (60-70%), being 13% higher adjacent to the MFCC than closer to 12 
SNCP. In addition, there was no change in food web structure between the two distinct zones, 13 
enabling us to hypothesize that MFCC mostly constituted an alimentary patch. The positive 14 
effect on parasitism rate was significant but weak, as floral nectar of mustard is known to be 15 
of poor quality for parasitoids. Results highlight the potential advantages of adapting practices 16 
in response to actual changes in agrosystems. Increase floral diversity in sown cover crops 17 
could constitute a complementary method in management programs, by providing more 18 
alternative food resources, alternative hosts, and climatic refuge to enhance the Conservation 19 
Biological Control of parasitoid populations.  20 
 21 
Key words: Aphid-Parasitoids trophic system; Biological Control; Sown flowering cover 22 
crops; Synapis alba; Winter  23 
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1. Introduction 24 
The adoption of wide scale agriculture and associated practices by farmers over recent 25 
decades has led to drastic changes in both landscape structure and biotic interactions 26 
(Redclift, 1989; Singh, 2000; Stoate et al., 2001; Tsiafouli et al., 2015), e.g. through the 27 
overall decrease in landscape complexity and biodiversity (Flynn et al., 2009; Matson, 1997; 28 
Tscharntke et al., 2005). The increase of cultivated areas over semi-natural habitats (e.g. 29 
edges, meadows or woods) has resulted in small fragmented non-cropped habitats showing 30 
reduced biodiversity, notably across plant communities (Krause et al., 2015; Van Meerbeek et 31 
al., 2014; Wesche et al., 2012). This led to low arthropod diversity with modification of 32 
trophic interactions between plants and arthropods and/or within arthropod communities 33 
(Altieri, 1999; Haddad et al., 2009; Scherber et al., 2010). Such changes have altered, what is 34 
referred to as the  ‘pest complex system’ (Matson, 1997) and the biocontrol services provided 35 
by natural enemies, with an increase in specialist phytophagous agricultural pests, but a 36 
reduction in the abundance and diversity of predators and parasitoids (Cardinale et al., 2011; 37 
Meehan et al., 2011; Scherber et al., 2010). 38 
To counterbalance this trend, habitat management programs in Conservation Biological 39 
Control (CBC) aim to enhance natural biodiversity by adaptive management promoting 40 
indigenous plant diversity and habitat complexity (Landis et al., 2000; Perović et al., 2017; 41 
Tscharntke et al., 2007). The increase of non-crop plants surrounding arable fields contributes 42 
to improved pest regulation by natural enemies at the field scale (Balzan and Moonen, 2014; 43 
Tscharntke et al., 2005; Tschumi et al., 2016a; Wratten et al., 2012). This practice induces an 44 
enhanced trophic system stability which reduces the intensity of pest outbreaks (Haddad et al., 45 
2011). Grassy margin vegetation or flowering strips surrounding crops act to support natural 46 
enemy communities by constituting complementary patches with additional plants and habitat 47 
diversity. Natural enemies then migrate from these semi-natural habitats to the crops. First, 48 
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these patches can improve natural enemy survival by providing alternative habitats against 49 
anthropic crop disturbances (Alignier et al., 2014; Ramsden et al., 2015; Thies et al., 2005). In 50 
addition, they can provide additional resources such as pollen, carbohydrates, or alternative 51 
prey for predators and hosts for parasitoids, thus improving trophic system complexity and 52 
population dynamics in adjoining crops (Wäckers and van Rijn, 2012). Regional spatial scales 53 
may also be considered, since increases in the proportion of these patches within the 54 
agricultural landscape can act to increase biological control efficiency, notably because they 55 
constitute refuges and as a consequence, sources from which natural enemies may emigrate 56 
(Alignier et al., 2014). 57 
Changes to plant phenology during winter as a result of climate change have been highlighted  58 
(Menzel et al., 2006; Parmesan, 2006) at the local and regional scale (Nordli et al., 2008), for 59 
example, with advances in bud burst (Badeck et al., 2004) or first flowering date (Fitter, 60 
2002). In their study, Uelmen et al., (2016) demonstrated changes in the phenological 61 
synchrony between caterpillars and trees in response to warming temperatures during winter. 62 
Such changes are likely to produce cascading effects on higher trophic levels and alteration of 63 
ecosystem functioning may be expected. However, few studies have focused on plant-64 
arthropod interactions during winter and none in the context of climate change. Therefore, 65 
there is a need to unravel the use of semi-natural and cultivated habitats by arthropods during 66 
formerly considered unfavorable seasons, such as winter in temperate areas (Gurr et al., 67 
2017), for which warmer temperatures are already observed or predicted (Räisänen et al., 68 
2004). In this context, modifications of plant-insect interactions in agroecosystems may 69 
become a new challenge for CBC over seasons. 70 
In Brittany (Western Europe), the intensive agricultural landscape during the autumn/winter 71 
season is dominated by a mosaic of cereal crops and flowering cover crops. The later are used 72 
to prevent soil erosion and to fertilize the soil prior to the planting of corn cultures. 73 
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Theoretically, these winter sown-cover crops are destroyed by freezing during the winter. 74 
However, during the past two decades, winter temperatures have increased and there has been 75 
a reduction in the number of days in which temperatures have dropped below 0°C (see Fig1 76 
(Andrade et al., 2016). Benefits from sown-cover crops are not documented compared to the 77 
benefits of grassy margin vegetation or sown flowering strips (Holland et al., 2016). In 78 
addition, the phenology of flower species used in winter sown-cover is impacted by rising 79 
temperatures and some species are flowering during the winter, as early as December when 80 
there is no frost. Considering the benefits provided by floral resources to natural enemies 81 
(Tschumi et al., 2016a, 2016b), such environmental changes may favour their activity and 82 
population dynamics resulting in increased early pest regulation.  83 
During winter, three aphid species are predominant on cereal crops in the cereal fields of 84 
North-Western France (Rabasse et al., 1983): Rhopalosiphum padi (Linnaeus), Sitobion 85 
avenae (Fabricius) and Metopolophium dirhodum (Walker). The natural enemy guild of aphid 86 
pests in cereal crops is composed mainly of Aphidiine parasitoids belonging to the Aphidius 87 
genus (Krespi et al., 1997), with other aphid predators being in a state of diapause. Oceanic 88 
temperate climate allows species involved in this trophic system to remain active during 89 
autumn/winter, even at lower activity levels  (Andrade et al., 2016, 2015; Dedryver, 1981; 90 
Polgar, 1995). Parasitoid communities may benefit from changes in sown-cover plants 91 
phenology during this harsh period. Compartmentalization in aphid-parasitoid networks have 92 
been shown to be high between crop and non-crop habitats (Derocles et al., 2014; Vialatte et 93 
al., 2005), although parasitoids are more prone to foraging in neighbouring crops as opposed 94 
to in margin vegetation later in winter (Macfadyen et al., 2015). Sown flowering cover crops 95 
may provide carbohydrate, alternative hosts, better climatic refuges for cereal parasitoids, and 96 
increase parasitoid activity and/or survival. In addition, according to the diversity-trophic 97 
structure hypothesis (Hutchinson, 1959; Knops et al., 1999), each crop, with its own 98 
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arthropod community, may increase trophic system complexity and improve pest regulation 99 
(Haddad et al., 2009).  This is due to functional redundancy resulting from greater parasitoid 100 
diversity (Peralta et al., 2014; Vos et al., 2001) or as a result of changes to the intra-guild 101 
interactions with the presence of alternative hosts and modification of apparent competition 102 
(Raymond et al., 2016). 103 
Aphid-Parasitoid trophic systems have been used largely as a model system to assess 104 
biodiversity change owing to their ecology (Gagic et al., 2011; Roschewitz et al., 2005; 105 
Tylianakis et al., 2007). In particular, they are used to evaluate the influence of neighbouring 106 
crop habitats (Alignier et al., 2014; Macfadyen et al., 2015; Plećaš et al., 2014). In the current 107 
study, we used such pest- enemy complex to assess potential benefits of change in sown 108 
covers plant phenology on the biological control service under wintering conditions. In order 109 
to evaluate the effects of the earlier flowering time of mustard (Synapis alba) flowering cover 110 
crops (MFCC hereafter) on aphid pest control by parasitoids, the aphid-parasitoid food web, 111 
relative aphid and parasitoid abundances and parasitoid sex ratio were compared between 112 
cereal crop plots close to MFCC and close to spontaneous non-crop plants from grassy 113 
margins (SNCP hereafter). The following hypotheses were explored to explain change in 114 
aphid parasitism: (i) The increase of trophic system complexity positively impacts aphid 115 
regulation close to MFCC due to functional redundancy or changes in intra-guild interactions. 116 
(ii) MFCC may result in higher parasitoid relative abundances (higher parasitism rates) and 117 
female biased sex ratios (more favorable population dynamics) by providing more favorable 118 
environmental conditions than SNCP: two mechanisms are possible, firstly a higher 119 
vegetation cover may lead to buffered micro-climatic conditions, or more plants may offer 120 
increased floral food, host honeydew and/or host access). 121 
2. Materials and Methods 122 
2.1 Study area and experimental design 123 
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The study was carried out in three different locations near Rennes, France, in the “Zone 124 
Atelier Armorique” (Long Term Ecological Research site, see Table 1 for GPS coordinates 125 
and crop sizes). Among fifteen cereals crop fields selected in a first approach, only six were 126 
retained (five wheat and one barley crops) as the others were not infested by aphids. Sampling 127 
was performed on three dates during February 2016 as no aphids were found before the end of 128 
January. Cereal crops were sown between September and October 2015 and had reached 129 
approximately 20 cm in height (ranging from 10 to 30 cm) at the sampling time. MFCC were 130 
sown in October or November in one side of the cereal crop and had reached approximately 131 
1-1.20m in height and had been flowering since the beginning of December. SNCP were 132 
composed of spontaneous non-crop grassy plants (without shrub or tree) in one of the three 133 
remaining sides of the cereal crop.  134 
To compare MFCC or SNCP effects on the pest complex system, we compared the 135 
community composition and biocontrol services provided by aphid parasitoids using a paired 136 
experimental design. For each cereal field and for each date, two plots of 15m² were delimited 137 
in the cereal crop when the first aphid was found, respectively near MFCC and near SNCP. 138 
New plots were delimited for each sampling and for each date. Samples near SNCP were 139 
conducted more than thirty meters away to the MFCC as it has been demonstrated that 140 
margins or flowering strips do not affect pest regulation at the field scale above a 20m 141 
distance (Lavandero et al., 2005). Since the length of the field is commonly greater than this 142 
distance, the comparison of both field margins represents the better compromise. Cereal fields 143 
lacking neighbouring MFCC were not taken as control crops because of possible variations in 144 
uncontrolled parameters (e.g. agricultural practices, soil characteristics, microclimatic 145 
conditions, etc). 146 
Due to low aphid density during winter, all living and parasitized aphids (i.e. mummies) 147 
present on every tillage in delimited wheat plots were collected and brought back to the lab. 148 
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All live sampled aphids were reared on wheat (Triticum aestivum var Ludwig) in plastic cages 149 
(L = 10 cm; Ø= 4.5 cm) for 15 days until potential parasitoid metamorphosis for parasitized 150 
aphids. During this period, cages containing live aphids were kept in incubators under 151 
controlled conditions of 20 ± 1 °C; 70 ± 20% relative humidity and a 16L:8D photoperiod. All 152 
mummies produced from live aphids or directly collected in the field were isolated in gelatine 153 
capsules (L = 3cm; Ø = 1 cm) until parasitoid emergence and both parasitized aphids and 154 
adult parasitoids were identified to species level. Parasitoid gender was also recorded to 155 
calculate the total sex ratio as well as the sex ratio for each species in each sampling plot. This 156 
method was performed to obtain the maximum number of emerging parasitoids from the 157 
collected aphids to enable better assessment of the winter aphid-parasitoid food web 158 
connections and accurately measure parasitism rate (the final number of mummies obtained 159 
divided by the total number of collected aphids). 160 
2.2 Statistical analysis 161 
As sampling dates were close in time and there was no significant difference in aphid 162 
abundances (LM, F = 0.63, Df = 2, P = 0.54) nor in parasitism rate (LM, F = 2.5, Df = 2, P = 163 
0.1) among dates, further analyses were carried out on pooled data for the three sampling 164 
dates. Therefore, to compare the benefits from MFCC or SNCP on aphid parasitism in 165 
adjacent cereal crop plots accounting for variations between sites, a LMM to compare aphid 166 
abundances and GLMM to compare aphid parasitism were performed with Site as a random 167 
factor (Bolker et al., 2009; Nakagawa and Schielzeth, 2010). As aphid parasitism is under the 168 
influence of aphid abundance, this parameter was tested prior to analysing parasitism rate. A 169 
Linear Mixed Model (LMM) was performed with aphid abundance in sampling plot as a 170 
response variable (after log transformation for count data (Ives, 2015)), the sampling plot as a 171 
fixed effect (Close to MFCC vs close to SNCP). To compare aphid parasitism between cereal 172 
plots close to MFCC or SNCP, proportion of parasitized and unparasitized aphids in a given 173 
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plot were also compared by using it as a binomial response variable in a GLMM test with a 174 
binomial error and a logit link function, with: aphid abundance in the plot as co-variable to 175 
take into account a host abundance effect, sampling plot (close to MFCC vs close to SNCP) as 176 
fixed effects. Models were built using glmer and lmer from lme4 package (Bates D et al., 177 
2014) and tested using Anova functions from car package (Fox and Weisberg, 2011). 178 
Food webs were built for each of the two cereal plots after pooling the data for each sampling 179 
date and site with the plotweb function from the bipartite package (Dormann et al., 2009, 180 
2008). In order to assess changes in trophic system complexity potentially involved in 181 
changes to parasitism rate between plots near different vegetation, food webs were compared 182 
using specific quantitative and qualitative metrics from the bipartite package: such as 183 
Generality, which is the weighted mean number of aphid species used by each parasitoid 184 
species, Vulnerability, which is the weighted mean number of parasitoid species attacking 185 
each aphid species. A greater value of generality index may show lower competition between 186 
parasitoid species as a lower value of vulnerability. Conversely, values of generality are 187 
expected to be higher because values of vulnerability are expected to be lower due to 188 
increased intra-guild competition. Other indices used included Connectance, which is the 189 
overall complexity of food webs and the Interaction evenness which is Shannon’s evenness 190 
for the food web entries; an indicator of a mean link per species between trophic levels. Such 191 
indices quantify food web complexity according to the richness of different trophic level. 192 
For each sampled site and cereal plot, data of the three sampled dates were pooled before 193 
calculating metrics due to the sample size sensitivity of such metrics and because there was no 194 
date effect on population parameters. Each metric was compared between plots close to the 195 
two distinct vegetation types using Wilcoxon rank sum test for non-parametric data. Null 196 
hypotheses tested were that the means of these metrics did not differ between plots.  197 
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To determine if the total sex ratio differed between plots, the proportion of males and females 198 
were tested and parasitoid gender was coded as follows: 1 for female and 0 for male. A 199 
GLMM was performed with sampling plot (close to MFCC or to SNCP), Species (to take into 200 
account potential parasitoid species effects) and their interactions as fixed effects and Site as a 201 
random effect (Bolker et al., 2009). 202 
For each model set, a full model was first built including all interactions and simple effects. 203 
Model simplification was applied by sequentially removing non-significant interactions, 204 
starting with the least significant highest order interaction (Zuur et al., 2009). All analyses 205 
were carried out in R (R Development Core Team, 2008), using R studio software.  206 
3. Results 207 
Of the 419 parasitized aphids (among 606 sampled aphids), 308 aphid-parasitoid pairwise 208 
relationships were obtained after parasitoid emergence with which to build winter food webs 209 
and to compare aphid-parasitoid trophic systems between cereal crop plots near MFCC or 210 
SNPC. The food web structure and the proportion of aphids and parasitoids were similar in 211 
both cases (Fig 1). The dominant aphid species was Metopolophium dirhodum (57.23 ± 2.81 212 
(± SE) and 60.68 ± 2.84 % in plots close to MFCC and plots close to SNCP, respectively), 213 
followed by Rhopalosiphum padi (22.19 ± 2.36 and 22.37 ± 2.36%) and Sitobion avenae 214 
(19.61 ± 2.25 and 13.22 ± 1.97%). The parasitoid guild was also the same for the two types of 215 
plots with a strong dominance of Aphidius rhopalosiphi (75.9 ± 3.40 and 80 ± 3.27% of the 216 
parasitoids close to MFCC and SNCP respectively). Three other species from the Aphidius 217 
genus were identified: A. matricariae, A. ervi and A. avenae which were present in similar 218 
proportions between the two different plots with respectively: 8.86 ± 2.26, 8.23 ± 2.19 and 219 
6.96 ± 2.02 % in plots along MFCC, and 9.33 ± 2.38, 4.00 ± 1.6, and 6.67 ± 2.04 % in plots 220 
along SNCP. No hyper-parasitoids emerged from the mummies (Fig 1). 221 
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There was no difference in aphid abundance in cereal plots close to MFCC or SNCP (χ² = 222 
0.067; Df = 1; P = 0.84). By contrast, the parasitism rate was 13% higher (χ² = 4.05; Df = 1; P 223 
= 0.044) along MFCC than SNPC, with respectively 72.32± 3.46 % and 59.45± 5.42% mean 224 
parasitized aphids (Fig 2). For both types of zone, there was a significant effect of aphid 225 
abundance as co-variable (χ² = 3.85; Df = 1; P = 0.049) with increasing aphid parasitism 226 
linked to increasing aphid abundance. Factors have an independent effect on the binomial 227 
response variable (non-significant interaction: χ² = 0.60; Df = 1; P = 0.44), meaning that an 228 
increase in aphid parasitism was correlated with an increase in aphid abundance at the field 229 
scale (although with the aphid parasitism rate being higher close to MFCC).  230 
There was no significant difference between cereal crop plots close to MFCC or SNCP for 231 
each of the four food web metrics tested (Table 2). The mean number of aphid species used 232 
by each parasitoid (generality) did not differ (V = 13; Df = 5; p-value = 0.69), nor was the 233 
mean number of parasitoid species attacking each aphid species (vulnerability, V = 10; Df = 234 
5; p-value = 1). The overall complexity of the trophic system was similar between the two 235 
zones as connectance values did not differ significantly (V = 12; Df = 5; P = 0.84), nor was 236 
the energy flow between trophic levels with similar link ratio between species (interaction 237 
evenness, V = 9; Df = 5; p-value = 0.84). 238 
There was no effect of the parasitoid species (χ² = 6.81; Df = 3; P = 0.078) nor of the sample 239 
plot (χ² = 0.68; Df = 1; P = 0.41) and their interaction (χ² = 1.25; Df = 3; P = 0.74) on the sex 240 
ratio of the parasitoid guild. The sex ratio was 62.66± 3.85% and 67.33± 3.83 % female close 241 
to MFCC and SNCP respectively. 242 
4. Discussion  243 
Despite the variability in total aphid abundance between sampled fields, mean parasitism rate 244 
was high and consistent at the field scale (around 69.14 ± 1.88 % of parasitized aphids). In 245 
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addition, for a given field, mean aphid density was the same in plots close to MFCC or SNCP. 246 
However, mean parasitism rate was significantly higher close to MFCC than along SNCP, 247 
suggestive of a greater parasitoid pressure on aphid pests in this part of the cereal crop. Crop 248 
colonization by aphids is known to be increased by both the proportion of semi-natural habitat 249 
at the landscape scale and margin vegetation in spring, as they act as arthropod sources (Al 250 
Hassan et al., 2013; Alignier et al., 2014; Plećaš et al., 2014). In this study, aphid abundance 251 
in cereal crops close to the mustard did not increase when compared to aphid populations 252 
close to the margin, but parasitism pressure did increase. Such results are consistent with the 253 
movement of parasitoids at the field scale reported by (Macfadyen et al., 2015) early in the 254 
year when parasitoids are more prone to crossing a crop/crop ecotone rather the crop/margin 255 
ecotone. Such observation could be explained by the strong compartmentalization of aphid 256 
populations between margins and crops (Derocles et al., 2014; Vialatte et al., 2005) and by the 257 
benefits from mustard covers in flower which have allowed the aphid parasitoid guild to be 258 
more active in cereal crops close to the mustard rather than close to the margin. We 259 
demonstrated that changes in the phenology of mustard cover crops during winter due to 260 
rising temperatures had positive cascading effects on the higher trophic level and thus 261 
associated biological control services in surrounding crops. The potential mechanisms 262 
underlying these benefits on aphid-parasitoid trophic system are discussed below. 263 
4.1 Functional redundancy  264 
According to the “diversity – trophic structure hypothesis” (Haddad et al., 2009; Hutchinson, 265 
1959; Knops et al., 1999), both monospecific cereal crops and mustard cover are expected to 266 
have their own arthropod community with different degrees of specialization for each trophic 267 
level (herbivores and natural enemies). Such situation is expected to modify the structure of 268 
the trophic food webs in plots close to the cereal crop with a richer and more complex trophic 269 
system along mustard cover crops than compared to grassy margins. A more complex trophic 270 
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system could explain the enhanced aphid parasitism rate measured (Cardinale et al., 2003) and 271 
could contribute to the increase in aphid parasitism observed by the change in food web 272 
structure (Gagic et al., 2011; Tylianakis et al., 2007). In the present study, pest complex 273 
system was quantitatively and qualitatively identical in cereal crop areas close to MFCC and 274 
SNCP. As indicated by the values of the different quantitative food web metrics, parasitoid 275 
populations did not differ between plots in species composition or in proportion, nor benefit 276 
from additional generalist parasitoid species. Moreover, consistency of connectance and 277 
interaction evenness index confirmed that parasitoid intra-guild interactions were unchanged. 278 
Contrary to one of our hypotheses, the increase in aphid parasitism close to the MFCC could 279 
not be explained by an increase in diversity of parasitoids and by a potential associated 280 
functional redundancy (Macfadyen et al., 2011; Peralta et al., 2014; Vos et al., 2001).  281 
4.2 Decrease in apparent competition.  282 
Another potential explanation of this increased parasitism rate near the MFCC is that some 283 
parasitoid species from the cereal crop community use mustard crops aphid species as 284 
alternative hosts (e.g. A. ervi or A. matricariae using Myzus persicae as a host; (Desneux et 285 
al., 2006; Desneux and Ramirez-Romero, 2009). The use of alternative hosts by generalist 286 
parasitoids may decrease apparent competition for cereal aphids and allow a better 287 
exploitation by species that are more specialized such as the dominant A. rhopalosiphi, 288 
resulting in an increase in their population dynamics and increased aphid parasitism as found 289 
in this study. Such change in species interaction is expected to modify the trophic system 290 
structure resulting in different metric values as Generality or Vulnerability index  (Maunsell et 291 
al., 2015; Tylianakis et al., 2007). However, the observed similarity of such metric values 292 
between cereal crop plots close to MFCC and close to SNCP in our study indicated that there 293 
was no change in intra-guild parasitoid interactions and thus exclude the apparent competition 294 
hypothesis (Langer and Hance, 2004; Raymond et al., 2016). 295 
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4.3 Improve in micro-climatic conditions  296 
Difference in height between SNCP and MFCC, i.e. 20 cm height for spontaneous grass 297 
vegetation vs. 100-150 cm for mustard crops, might have improve local micro-climatic 298 
conditions e.g. reducing wind exposure, and thus have buffered temperatures in close cereal 299 
crop plots compared to those along grass margin vegetation. Stressful temperatures, such as 300 
prolonged cold exposure, have been demonstrated to induce higher production of male 301 
progeny in Aphidius parasitoids (Colinet et al., 2006; Ismail et al., 2010). It was then expected 302 
that the sex-ratio could be more female biased along MFCC and that the increase in aphid 303 
parasitism could result from this higher female proportion. However, our results have shown 304 
that the sex-ratio did not differ between the sampled plots close to the MFCC or SNCP and 305 
the observed increase in aphid parasitism could therefore not result from the change in sex-306 
ratio.  307 
4.4 Increase in food resource availability 308 
The last hypothesis about the increase in parasitism rate in plots close to MFCC is the 309 
potential use of the mustard crops as a food resource for cereal aphid parasitoids. Parasitoids 310 
from cereal crops might have benefited from aphid honeydew from aphids inhabiting mustard 311 
plants or directly from the nectar of mustard flowers (Tena et al., 2013; Vollhardt et al., 2010; 312 
Wäckers, 2001). During winter, few suitable plant species are available and few to none are 313 
flowering in grassy margins outside the sown flowering cover in order to provide a 314 
carbohydrate source to parasitoids remaining active. This last hypothesis, compared to the 315 
three other hypotheses, appears to offer a better explanation according to the results obtained 316 
in this study. The increase of only 13%  in mean aphid parasitism rate is not an underestimate 317 
according to the low standard error obtained for aphid parasitism (± 3.46 % close to MFCC 318 
and ± 5.42% close to SNCP), even when considered in conjunction with the low field sample 319 
size. The small effect size may be explained as mustard was shown to be a nectar source with 320 
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a small impact on parasitoid longevity (Vattala et al., 2006) as a result of its “hexose 321 
dominant nectar” (Baker and Baker, 1983). In addition, because nectar production and quality 322 
strongly depend on climatic conditions (Nicolson et al., 2007), mustard plants may have 323 
produced nectar with lower energetic value during winter (and/or in low quantity). In both 324 
cases, food quality provided by new flowering possibilities of plants sown as winter covers 325 
might have contributed only over a short distance from the MFCC in the enhancement of 326 
aphid parasitism rate through increasing cereal crop parasitoid activity (Lavandero et al., 327 
2005; Tschumi et al., 2016a). 328 
4.5 Conclusion 329 
This study is the first to quantify an aphid-parasitoid trophic system in cereal crops under 330 
winter conditions in the study region. In addition to confirming the important role of 331 
parasitoids in the biological control of aphids during autumn/winter under temperate climatic 332 
conditions, this study provides new knowledge about the response of natural enemy 333 
populations to sown flowering cover crops. According to our results, flowering mustard cover 334 
crops promote aphid parasitism by cereal parasitoids during unfavorable climatic periods 335 
when host and food resources are limited (Wäckers and van Rijn, 2012). Winter sown cover 336 
crops may represent an important resource in maintaining the parasitoid guild throughout 337 
winter months and, in turn, lead to a reduction in the intensity of spring aphid outbreaks. In 338 
addition, the association between winter cereal crops and neighbouring sown flowering cover 339 
takes place at a large landscape spatial scale. Parasitoid populations have also been 340 
demonstrated to have rapid synchronization at annual temporal and regional spatial scales 341 
(Andrade et al., 2015). Such association could substantially contribute to Conservation 342 
Biological Control, acting in a similar manner to increasing the proportion of semi natural 343 
habitat within an agroecosystem, and ultimately control early season aphid regulation beyond 344 
the field scale. Although overall increase in aphid parasitism was low, this study emphasizes 345 
16 
 
the potential benefits for biological control induced by changes in plant phenology. According 346 
to predictions on the increase of winter temperatures in northern Europe (Räisänen et al., 347 
2004), changes in organism phenology and in interactions between organisms may be 348 
expected. An increase in mean temperature may increase the activity of vectors of diseases, 349 
like aphids (Canto et al., 2009; van Baaren et al., 2010) or of their natural enemies (Andrade 350 
et al., 2016, 2015). Also shifts in earlier plant phenology may become more and more 351 
frequent, which may provide new perspectives for CBC. Indeed, as plant species and their 352 
functional traits that compose semi-natural habitats determine the promotion of natural enemy 353 
populations in CBC (Balzan et al., 2016; Hatt et al., 2017), modifications in plant phenology 354 
may drive new interactions between arthropods inside semi natural habitats and inside the 355 
adjacent crops. Moreover, winter covers may have a broader impact than quantified in this 356 
study. This is because other natural enemies such as predators may also be more active and 357 
could use these habitats for food or refuges and therefore improve the biological control 358 
service. 359 
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Table 1: Summary of sample sites including middle crop GPS coordinates, cereal species 647 
sown, surface of sampled cereal crops, adjoining mustard flowering cover crop (MFCC), and 648 
the sum total of aphids sampled over the three sampling dates. 649 
Site Latitude Longitude Crops Cereal crops 
size (Ha) 
MFCC 
size (Ha) 
Total aphids 
sampled 
Site 1 48°10'58.8"N 1°40'16.7"W Barley 6.03 7.75 118 
Site 2 48°12'19.2"N 1°40'07.7"W Wheat 1.53 6.33 74 
Site 3 47°58'35.1"N 1°34'49.3"W Wheat 2.51 1.55 62 
Site 4 48°02'24.1"N 1°51'01.3"W Wheat 8.32 5.77 166 
Site 5 48°02'17.1"N 1°51'24.4"W Wheat 1.61 3.13 113 
Site 6 48°02'22.9"N 1°49'01.7"W Wheat 12.73 13.98 73 
  650 
30 
 
Table2: Food web metrics for each zone in each sampling site. Each column name 651 
corresponds to a sampling site (“Sx”) with x, the number of the field and the corresponding 652 
field zone (“MV” for cereal crop plots along spontaneous non-crop plants in margin 653 
vegetation and “MC” for the other plots along the mustard flowering crop cover). 654 
 S1.MV S1.MC S2.MV S2.MC S3.MV S3.MC S4.MV S4.MC S5.MV S5.MC S6.MV S6.MC 
Generality 2.549 1.934 2.06 2.452 2.239 1.854 1.483 1.748 1.804 1.678 1.26 1.121 
Vulnerability 1.754 1.971 1.261 1.419 2.331 1.814 1.258 1.711 2.419 1.543 1.26 1.818 
Connectance 0.359 0.39 0.332 0.387 0.381 0.262 0.196 0.247 0.302 0.23 0.315 0.294 
Interaction.eveness 0.688 0.759 0.532 0.695 0.795 0.587 0.266 0.459 0.611 0.453 0.334 0.433 
  655 
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Figure 1: Food web representation of the aphid parasitoid trophic system for cereal crop 656 
plots, (a) close to the mustard flowering crop covers (MFCC) and (b) away at an opposite 657 
edge close to spontaneous non-crop plants in grassy margins (SNCP). For each zone, data 658 
from plots of each sampling site and date have been pooled. Species composition are similar 659 
between zones with Metopolophium dirhodum (M.dirhodum); Rhopalosiphum padi (R.padi) and 660 
Sitobion avenae (S.avenae) for the lower trophic level, and Aphidius avenae (A.avenae), 661 
Aphidius ervi (A.ervi), Aphidius matricariae (A.matricariae) and Aphidius rhopalosiphi 662 
(A.rhopalosiphi) for higher trophic level. 663 
 664 
Figure 2: Mean aphid parasitism rate in cereal crops close to Mustard flowering covers (MFCC) 665 
and close to Spontaneous non-crop plants (SNCP). (*: p<0.05) 666 
 667 
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 669 
Figure 1: Food web representation of the aphid parasitoid trophic system for cereal 670 
crops plots, (a) close to the mustard flowering crop cover (MFCC) and (b) away at an 671 
opposite edge close to spontaneous non-crop plants in grassy margins (SNCP). 672 
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 673 
Figure 2: Mean aphid parasitism rate in cereal crop fields close the Mustard flowering cover 674 
crops (MFCC) and close to Spontaneous non-crop plants (SNCP) from grassy margins. 675 
